A laser beam propagating in air and passing through a point diffraction interferometer (PDI) produces stable interferograms that can be used to extract wavefront data such as major atmospheric characteristics: turbulence strength, inner scale and outer scale of the refractive index. These parameters need to be taken into consideration when developing defense laser weapons since they can be affected by thermal fluctuations that are due to the changes in temperature in close proximity to the propagating beam and results in phase shifts that can be used to calculate the temperature which causes wavefront perturbations on a propagating beam.
Introduction
Measurement of atmospheric parameters such as distance, pressure, temperature and refractive index are very important for the development and applications of defense laser weapons [1] . Such measurements can help to ensure that a laser weapon is fast enough in air to track, disable and destroy any incoming missiles before countermeasures can be initiated [2] . [3, 4] described the influence of temperature and humidity fluctuations on a propagating laser beam and showed that such effects can degrade a beam's profile. In order to detect and measure the effects of thermal turbulence on a laser beam propagating through air, we considered and developed a method to study these effects using a PDI. Using the experimental setup described in section 4, an interferogram was obtained from a laser beam undergoing thermal turbulence whilst propagating in air to pass through a PDI pinhole. The obtained experimental results indicated that phase perturbations are due to thermal fluctuations and thus, such results can be used to study the behavior of a laser beam propagating through air in order to obtain the strength of atmospheric turbulence, which is an important parameter when characterizing the effects of thermal turbulence on propagating laser beams. Problems can arise when characterizing the effects of thermal turbulence on a propagating laser beam, this includes the measurement of temperature near the propagating beam using a thermocouple and the distance between the position of the thermocouple and turbulence source. How-ever, these problems can be minimized by using the phase shifts that occur due to temperature fluctuations and thus, a more accurate temperature value can be obtained from measuring the change in the refractive index since it is the parameter that directly causes divergence on a propagating laser beam.
Theory
The study of the effect of thermal turbulence on a propagating laser beam is governed by classical Kolmogorov turbulence theory which describes the atmospheric optical dynamics within the inertial sub range which is between the inner scale and outer scale of the refractive index fluctuations [5] [6] [7] [8] . The Kolmogorov theory of turbulence operates under the assumption that the random refractive index fluctuations are inhomogeneous and isotropic. It can also be used to characterize the atmospheric turbulence strength, C 2 , which has three turbulence regimes which are classified as weak if C 2 ≤ 10
and strong if C 2 ≥ 10
In practice, the atmospheric turbulence strength is described using the Kolmogorov theory of turbulence. It can be calculated from the measurement of the intensity fluctuations which can be achieved from measuring the peak irradiance in the focal plane and the mean of such peaks is due to diffraction, random jitter and thermal blooming [12] [13] [14] . Assuming a Gaussian beam at the source and an average focused irradiance, the peak irradiance for such a beam is [15, 16] ,
where P 0 is the output power, γ is the attenuation coefficient, a is the 1/e beam radius and the subscripts d, j and t refer to diffraction, jitter and turbulence, respectively. The contributions of these subscripts to the focal spot area are [16] ,
where β is the beam quality factor which is equal to the observed beam radius divided by the diffraction-limited radius and < Θ 2 > is the variance of the single axis jitter angle assumed to be equal to < Θ 2 >. Equation (1) can be modified to account for thermal blooming effect and thus can be written as [16] ,
where n is the refractive index of air. Equation (5) is the simplified propagation equation for Gaussian beams and has been used by Gebhardt to compare the propagation of seven laser wavelengths for cw operation [16] . The simplified propagation equation cannot be considered in all cases of atmospheric turbulence characterization or for measuring the intensity from the stray lights artifacts since it only occurs in high power lasers. In order to obtain an accurate estimation of the atmospheric turbulence strength, the refractive index fluctuations which arises from the changes in temperature and pressure must be used to calculate the turbulence strength which can be calculated from [17] ,
where C 2 is the strength of atmospheric turbulence and C 2 T is the temperature structure parameter between the inner and the outer scales of the refractive index. The temperature structure parameter is defined to be [17] ,
where R is the optical distance, T is the calculated temperature and T is the initial temperature. The corresponding structure of optical path fluctuations predicts [18] ,
where D is the structure function of optical path fluctuations, r is the separation of the inner, 0 , and outer, L 0 , scales of the refractive index and z is the optical path distance.
Measurement principle
The relationship between the refractive index and density is written as [19] ,
where ρ is the density of air, M is the molar mass of air and R G is the Gladstone-Dale molecular refractivity constant which is related to the molecular refractivity and can be expressed as [19] ,
where R L is the molecular refractivity constant.
For an ideal gas, equation (9) is written as [19] ,
where P is the pressure, R 0 is the Universal gas constant and T is the measured temperature in Kelvin. Equating equation (9) and (11) we get [19] ,
This equation can then be used to calculate the pressure change as the density varies with temperature. The relationship between temperature and phase shifts is written as [19] ,
where N = ∆L λ is the number of interferogram shifts, P is the initial pressure, d is the distance, i is the complex number and P is as defined in equation (11) . For unperturbed beams, N = 0 and hence the calculated temperature is the same as the initial temperature.
Experimental setup
In this work minor modifications were made to the initial experimental setup which consisted of a 532 nm green laser propagating through air. These modifications were necessary to extract relevant wavefront and phase fluctuating parameters in determining the profile of the laser beam as it propagates through thermal turbulence. As the earlier work indicated, stray-light artifacts can contribute to spurious interferograms. The intensity of the stray-light artifacts contributes to the intensity profile of the resulting interferogram which may mask the actual intensity profile of a propagating laser beam. As such stray-light artifacts must be avoided, and hence the monitor used in this work was placed as far away from the PDI as possible. This ensured that the incident light from the monitor does not appear as stray-light artifacts in the produced interferograms. A j-type thermocouple was added to the optical train to measure the changes in temperature within the turbulent region, as a result of the applied turbulence. The thermocouple was connected to a TME K-type general purpose probe and fitted into a lutron data acquisition device which was sensitive enough to detect temperature changes up to 2 decimal places. This instrument had a stated response time of 10 µs which allowed the temperature to be recorded with accuracy. Although it was possible to computer-control the thermocouple, manual operation was preferred. In manual operation mode, the device was portable enough to move around the turbulence application area and thus obtain a true temperature of the air in close proximity to the propagating beam in real time. In order to obtain interferogram of good contrast and free from edge effects or blurring, the NIKON DSLR camera was operated in video mode. The video was then postprocessed using iorgsoft video software which allowed snapshots of the interferograms to be taken at intervals of less than half a second. The resultant interferograms were then analysed using OpenFringe software. The interferometric analysis software used Fast Fourier Transform (FFT) to determine phase shifts, intensity profiles and to compute wavefront surfaces. Zernike based surface representations are standard in the package and were thus used to study the intensity behavior of the propagating beam whilst undergoing thermal perturbation.
Results, analysis and discussion
Two types of applied turbulence were used in the experiment. The first turbulence source was Dust off which caused directional phase perturbations on a propagating laser beam. Such perturbations were observed as phase shifts on the produced interferograms. The information presented in Fig. 1 shows (a) The perturbations resulting from the use of the cigarette lighter as the source of applied turbulence are viewed as intensity fluctuations in the obtained interferograms. Such intensity variations are represented by the gray value axis shown in Fig. 3 . Clearly the intensity profile plot for a thermally perturbed beam (shown in Fig. 3 (b) ) shows an intensity fluctuation when compared with the intensity profile for an unperturbed beam (as shown in Fig. 3 (a) ). This may be the result of a redistribution of power spatially in time as a direct consequence of the thermal fluctuations [20] . Theory has predicted that the log-amplitude/intensity has a Gaussian distribution [20] , and again this is clearly evident in Fig. 3 . This is well documented [20] , to only be applicable in the Rytov regime again verifying the prediction of this work, whereby the claim was that the turbulence appeared to be in the weak regime. Another visible change on the obtained interferograms is the energy redistribution of the laser beam which is visually indicated by a change in the centroid of the fringe patterns. These results proved that the laser beam fluctuations increases with an increase in temperature as it is indicated by Fig. 2 which has a broader centre when compared with that obtained from the unperturbed beam ( Fig. 1 (a) ). The interferograms obtained from a beam perturbed by a cigarette lighter also showed that the intensity of the propagating laser beam varies due to the non-stability of the flame which leads to an inhomogeneous refractive index and is indicated by similar phase shifts but of varying intensity on the interferograms shown in Fig. 4 . The varying degrees of interferogram brightness indicated from the initial fringe at A up until the final fringe at H are indicative of this intensity variation.
As further substantiation of this, FFT wavefronts are provided for the unperturbed beam and the thermally perturbed beam in Fig. 5 . Figure 5 (b) shows an inverted FFT wavefront which can be used to easily measure the separation between these two Gaussian shaped distributions as indicated by the blue curves and such interpretation can be used to estimate the change in temperature and turbulence strength that can cause such perturbations. A surface plot of such an interferogram was obtained by the application of ImageJ analysis tool software and this clearly shows energy redistribution as indicated in Fig. 6 . Turbulence strength is a crucial parameter to be considered whenever studying the effect of thermal fluctuations on a propagating laser beam and it may be determined from the use of equation (6) . In this work, the turbulence was determined to be 2 2×10
which may be classified as weak turbulence. Using this turbulence strength value and the experiment optical path length of 1.212 m, the relationship between the structure function of the optical fluctuations and the outer scale, L 0 , of the refractive index is estimated for. Figure 7 shows the variation of the geometric structure function, D , with the radius of the refractive index fluctuations. There is an indication of the strong influence L 0 has on the geometric structure function. It can clearly be seen that D increases with an increase in L 0 . This verifies the relationship which was proved by [18] , whereby they showed that even for a small outer scale ( L 0 = 0 4 m), the generation of turbulence energy was not confined to a scale less than L 0 , rather the energy is distributed over nearly all spatial scales. This relationship was first shown by [21] , in a general case for all temperature fluctuations measured using fine wire probes. In order to compare these measurements with the Rytov approximation theory, equation (8) must be modified by a factor [21] ,
where b is the log-amplitude correlation function. [22] , showed that for ≥ (λ ) 1/2 , F approaches 1, whilst in the limit of << (λ ) 1/2 , F approaches 1/2. The experimental data plotted in Fig. 8 strongly correlates with the Tatarski prediction [22] . This shows the dependence of the geometric structure function on the space between the outer and inner scales of the refractive index geometric structure function on space between the outer and inner scales of the refractive index. [23] , suggested that such data can be used to determine the normalized lens diameter for the limiting exposure. For small scales ( << 0 ), a prediction for the structure function is given by geometric optics [18, 22] , If r is below 0 , then the slope of Fig. 7 should be approaching a straight line with value of 2 [23] . This is clearly not the case and we can conclude that 0 ≤ 1 mm. In reality we determine 0 to be 0.8 mm which is distinctly lower than that predicted by [21] , of 1 ≤ ≤ 10 mm. This seems to be better fit with the results of [18] , who refute the claim of [21] . It is further substantiation of the theoretical prediction that 0 does not have any strong dependence on wind velocity.
[18] could not identify any downward shifts in their D values for small r and thus concluded that the turbulence was applicable to the strong regime. Their turbulence strength value is in current trends referred to as moderate turbulence [9] . In this work, it is clearly evident that D appear to be dropping even at r slightly greater than 0.05 m. Table 1 shows the relationship between the turbulence strength and position of the turbulence source with respect to the thermocouple. These measurements proved that the perturbations on a laser beam caused by thermal turbulence depend on the position of the transmitter and the detector of the turbulence. Thus, a researcher cannot only rely on temperature measurements obtained from a thermocouple placed in the turbulence zone. In order to avoid inaccuracy when determining the effect of thermal fluctuations on a propagating laser beam, temperature values must be extracted from the phase shifts and thus the turbulence strength may be determined more reliable. 
Concluding remarks
In conclusion, a PDI was used to produce stable interferograms that were later analysed to obtain the effects of thermal turbulence on the fluctuations of a laser beam propagating through air. We have demonstrated the effectiveness of using a PDI to detect, observe and quantify thermal perturbation effects on a laser beam propagating in the atmosphere. The results for optical parameters such as, D , 0 , L 0 and F are shown to be in good agreement with the relevant literature and thus the PDI interferogram method can be used with confidence. These results also help to fully classify the laser beam propagation and will have useful applications in defense laser weapons, target tracking and in optical communications. Such effects are also very important to be considered when developing and testing optical systems especially for use in the military. This can be used to ensure accuracy when pointing and measuring distance with a laser beam when detecting, disabling and destroying missiles in the atmosphere. This method provides a significant improvement on experimental procedures and negates the need for expensive equipment and sophisticated laboratories. Its drawcard is its mobility and ease of setup. An extension of this work is to delve into the effects of a laser beam propagating through strong turbulence. Experimentally, turbulence strength was determined to be 2 2 × 10 or less [8] . Our experimental value verified a weak turbulence effects with the Rytov weak fluctuation parameter less than 0.3. The good agreement of how experimental values with relevant literature substantiate our use of this technique and paves the ways for future research into the effects of perturbations (thermal or directional) on a propagating laser beam. The difficulty in fully classifying thermal turbulence effects is not limited to experimental work, recent works have shown this to be numerically challenging as well [24, 25] . The results correspond to previous works in the field [20, 21] , even though the experimental technique is new. Our results also clearly indicates a change in the spatial intensity profile of the propagating laser beam (even for small distances -See Fig. 7 and Fig. 8 ) and thus indicates the need for adaptive optics when using the laser beam for defense laser weapons or communication.
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